We investigated the basis for the alterations in the intracellular potassium and sodium activity occurring in subendocardial Purkinje fibers surviving in 24-hour infarcts by examining ion activities in these Purkinje fibers removed from infarcting hearts at earlier times. Specifically, we examined intracellular potassium activity, sodium activity, and pH at 1 and 3 hours after ligation of the left anterior descending coronary artery, and we correlated the changes in ion activity with changes in maximum diastolic potential. We tested various mechanistic hypotheses relating to how the ion activity changes develop and how they affect membrane potential. We found that intracellular sodium activity in tissue removed 1 hour after ligation was on average already maximally elevated by a factor of 2 over control (19.2±2.0 mM [mean+SEM] versus 9.4+0.4 mM). Potassium activity diminished progressively over the first 24 hours (from normal of 112.0±2.7 to 61.6+2.8 mM), although half of the decrease occurred during the first hour (to 86.8+4.1 mM). Intracellular pH did not change at either 1 or 3 hours. Whereas maximum diastolic potential depolarization exceeded the calculated depolarization of the potassium equilibrium potential by a factor of 2 in 24-hour infarcts, the depolarization at 1 and 3 hours could be more nearly attributed to the loss of potassium. The change in the dependence of maximum diastolic potential on potassium equilibrium potential may be due to changes in membrane conductance caused by ionic or biochemical factors. The changes in ion activity continuously develop during the first day after ligation and may be due to multiple factors and mechanisms. (Circulation Research 1992;70:566-575) KEY WoRDs * cardiac Purkinje fiber ion depolarization S ubendocardial Purkinje fibers survive in the transmural infarct caused by ligation of the left anterior descending coronary artery in the dogl-4 but have abnormal transmembrane potentials.2-4 Automaticity, a prolonged action potential duration, and pronounced membrane potential (Vm) depolarization are prominent in these Purkinje fibers 24 hours after the occlusion.2-4 These changes in membrane potential have been linked to arrhythmias in the subacute phase of ischemia in the canine heart.3)4
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In previously reported studies we examined intracellular K', Na+, and H' activity in the surviving Purkinje fibers during the period of maximum arrhythmias at 24 hours. 56 We found a reduction of 50% in the intracellular K' activity (aK ). The calculated depolarization of the potassium equilibrium potential (EK) was quite significant but equaled only half of the membrane activity * myocardial infarction * membrane potential depolarization. Thus, we could not explain the depolarization of Vm based on the depolarization of EK alone without also postulating membrane conductance changes caused by the reduction in aKi, the depolarization of Vm, or other effects of ischemia on some conductance or electrogenic transport.
We also reported that intracellular Na+ activity (aNa1) was elevated in the Purkinje fibers surviving in infarcted hearts 24 hours after ligation. However, the aNal elevation was only a small portion (approximately 10%) of the aKi reduction. The aNai elevation suggests possible suppression of the Na,K-ATPase pump. However, because the reduction in aKi greatly exceeds the increase in aNai, pump suppression alone is probably not the sole mechanism of the K' loss.7 Consistent with these findings is a second possible mechanism for the loss of K', that is, that intracellular acidification leads to an increase in mobile anions that accompany the K' efflux.58-10 However, we were unable to find any evidence for acidification by measuring pHi in Purkinje fibers at 24 hours, and in fact pHi was slightly basic at that time. 6 These findings have caused us to consider two mechanistic questions regarding membrane depolarization of the subendocardial Purkinje fibers from 24-hour-old infarcts: 1) What factors are responsible for aKi reduction and aNai elevation? 2) What factors besides EK depolarization caused by aKi reduction are responsible for the depolarization of Vm? To obtain data necessary for answering these questions, we examined the ion activities and the relation between maximum diastolic potential (MDP) and calculated EK in the Purkinje fibers at earlier times after coronary occlusion (1 and 3 hours) and report these results in this article. It was our goal to answer several important experimental questions developed by our prior studies: 1) Is there a time earlier than 24 hours when the reduction in aKi more nearly equals the increase in aNai? This would indicate that at some earlier stage of ischemia, pump blockade was the dominant mechanism of K' loss. 2) Is there an earlier time when pHi is acidic and does it precede the period of K' loss? This would support the hypothesis of acidification-induced loss of K'. 3) Does the EK depolarization more completely account for the Vm depolarization at earlier times after ligation than it does at 24 hours? A change in the dependence of Vm on EK might occur if some membrane conductance is altered between the third and 24th hour after ligation.
Materials and Methods

Surgical Production of Myocardial Infarction and Isolated Tissue Preparation
Thirty-nine adult mongrel dogs weighing 9-15 kg were anesthetized with 30 mg/kg i.v. sodium pentobarbital. Myocardial infarction was produced by a twostage ligation of the left anterior descending coronary artery by using techniques previously described in detail.1"25 Hearts were rapidly removed 1 and 3 hours after the coronary ligation while the dogs were still under a surgical level of anesthesia. Hearts were immersed in 23°C Tyrode's solution having the following composition in millimoles per liter: NaCl 125, NaHCO3 24, NaH2P04 1.8, KCI 4.0, CaCl2 2.8, MgCl2 0.5, and glucose 5.5. In some experiments we used 12 or 18 mM NaHCO3
Tyrode's solution and increased the NaCl to 137 or 131 mM, respectively.
A strip of the infarcted left ventricular wall, measuring approximately 1.8 cm wide and 3.5 cm long (base to apex direction) and containing the anterior papillary muscle or the paraseptal wall, was isolated. The epicardial half was removed so the strip was 0.4-0.6 cm thick. Previous studies have shown that preparations of this size are adequately superfused so deterioration does not occur; that is, Vm and the maximum rate of rise of phase 0 do not decrease with time for subendocardial Purkinje fibers.'4' In this study, stability of the preparations during a 6-hour period of superfusion was also indicated by unchanging values or normalization of values for Vm and aKi (see "Results"). At 1 and 3 hours after ligation, the subendocardial surface of the ischemic regions could be identified by its color, which was redder than the nonischemic subendocardium. All cell impalements reported in this study were made in the apical third of the preparation. Infarcts in this region became transmural by 24 hours after coronary ligation and showed the most severe electrophysiological alterations. 5 The preparation was pinned at its edges (endocardium up) to the silicone bottom of a Plexiglas tissue chamber (1 cm deep, 2 cm wide, and 5 cm long) and continuously superfused at a rate of 20 ml/min with Tyrode's solution, prewarmed to 37.5-+0.5°C, and gassed with 5% CO2-95%0 2. Tissue superfusion was started within 10-15 minutes after the heart was removed. Because the subendocardial Purkinje fibers were not highly automatic at 1 and 3 hours after coronary occlusion, preparations were readily stimulated at an 800-msec stimulus cycle length. The tissue bath was grounded via a 2 M KCI-2% agar bridge near the bath outflow.
Construction and Calibration of Double-Barrel Ion-Selective Microelectrodes
We used double-barrel K'-, Na+-, and pH-selective microelectrodes (K-ISM, Na-ISM, and H-ISM). This enabled us to measure intracellular ion activity and MDP for each cell that was impaled. We report data obtained only from subendocardial Purkinje fibers and not from ventricular muscle. We were able to discriminate between Purkinje fibers and muscle for several reasons. First, from prior experience in both normal and infarcted preparation we can be certain that the first two to four action potentials recorded as the microelectrode is advanced downward are from Purkinje fibers, judging by their contour. Figure 1 illustrates typical records from double-barrel K-ISM impalements of a subendocardial Purkinje cell and of a subendocardial muscle cell in a 3-hour infarct. Compared with the ventricular muscle cell, the subendocardial Purkinje cell action potentials, measured by the K-ISM reference barrel, had a longer duration and a prominent plateau; the action potential upstroke of the Purkinje cells also had a spiked overshoot.' Second, our previous ultrastructural studies have shown that in the apical region of the left ventricle the cells closest to the endocardial surface are Purkinje, and surface muscle cells are rare. Double-barrel micropipettes were made from Corning 7740 borosilicate, theta style I, double-barrel glass tubing with an outer diameter of 2.5+±0.2 mm (William Dehn-R&D Optical, Bethesda, Md.). We have previously described in detail the techniques for making the ion-sensitive electrodes.56 To summarize briefly, one barrel of the double-barrel micropipette was briefly exposed to trimethylchlorosilane gas at 23°C (Eastman Kodak Co., Rochester, N.Y.) and then baked (120°C for 4 hours). So silanized, it could hold ion-sensitive resins in its tip. To construct K-ISMs we used Corning 477317 liquid ion exchanger (WPI Inc., New Haven, Conn.) and backfilled with aqueous 4 mM KCl and 156 mM NaCI solution. For Na-ISMs we used neutral carrier exchanger containing ETH-227 (Fluka Chemical Co., Hauppauge, N.Y.) and backfilled with an aqueous solution of 160 mM NaCl, 0.1 mM EGTA, and 1 mM HEPES adjusted to pH 7.0. For H-ISMs we used H' neutral carrier oil containing tri-n-dodecylamine (Fluka 82500) and backfilled with an aqueous solution containing 50 mM sodium phosphate buffer at pH 7.0 (Fisher Chemicals). The choice of reference barrel backfills and the minor voltage corrections required are described in detail by Dresdner et al.56 For the reference barrels we used a mixture of 150 mM KCI and 850 mM NaCl for the K-ISMs and 1 M KCI for the Na-ISMs and H-ISMs. Output of a double-barreled K+-selective microelectrode is shown for a subendocardial Purkinje cell (left panels) and a ventricular muscle cell (right panels), both in tissue removed from a 3-hour infarct. As describedpreviously (see Reference 5), the top tracing is the differential output (VK) of the ion-selective barrel (bottom tracing, VK+VR) minus the reference barrel (middle tracing, VR). The differential output is used to calculate intracellular K' activity. The reference barrel output viewed separately, indicates which cell type is impaled since it measures an accurate action potential waveform, with the exception of the overshoot ofthe actionpotential upstroke that is attenuated. The characteristic action potential waveforms of the Purkinje and muscle cells are easily distinguished.2 ually as well as to provide a differential output from which ion activities were determined ( Figure 1 ). The electrical response time of the selective barrel of the double-barrel microelectrode was quickened by using the procedure described by Ujec et al,1" in which the resin column is short-circuited to within 100 ,um of the microelectrode tip with a small coaxial electrolyte-filled tube. The combination of this technique, capacitive compensation of the selective barrel output, and filtering of the reference barrel signal that was directed to the differential amplifier allowed for rapid response time of the ion activity measurement. We could thus record values on-line at our normal pacing rate (see Reference 5 for further discussion). The unfiltered reference barrel output was still available for obtaining a V,,, tracing to be used to distinguish tissue type and MDP data. Before and after cell impalements, K-ISMs were calibrated in a series of aqueous salt solutions of constant ionic strength (0.16 M). For K-ISMs we used Tyrode's solution plus five calibrating solutions in which [K'] varied between 4 and 160 mM and [K'] plus [Na+] equaled 160 mM. Similar solutions were used for Na-ISMs but also included 1 mM EGTA. Buffering [Ca2"] allowed us to calculate relative Na+/K+ selectivity without interference from Ca2`. The relative selectivity of Ca2' versus Na+ was determined in two solutions in which only [Ca2"] was varied.
We calculated the relative selectivities for K' versus Na+ and for Ca2' versus Na+ for Na-ISMs, as well as the slope term from the Nernst equation. We then used the Nicolsky-Eisenmann equation to convert experimental measurements to ion activities, assuming an activity coefficient of 0.74 for K' and Na+ in the calibration solutions (for complete discussion, see Reference 5). In calculating aNal for 1-and 3-hour-old infarcts, we substituted in the equation the actual measured mean value of aKi in the 1-and 3-hour infarcts, a value that showed no significant dependence on superfusion time (see below and Reference 5).
H-ISMs were calibrated using commercial pH-buffered solutions at pH 6.00, 7.00, and 7.40 (Fisher). Because the selectivity to H' is high compared with other cations, only the Nernst slope was required for H-ISM calibrations (for further details, see Reference 6).
Experimental Procedure
To make an intracellular recording with a microelectrode, the ion-selective microelectrode was oriented perpendicular to the endocardial surface and advanced into the cells of the first or second subendocardial Purkinje layer. Our criteria for an acceptable impalement have been described.56 Data were taken from apical subendocardial Purkinje cells for at least 6 hours of tissue bath superfusion. We noted the elapsed time at which each cell impalement was made with time zero of superfusion defined as the time when dissection of the heart began. The first ion-selective microelectrode data points were collected at 15-20 minutes after time zero. Multiple impalements were performed over the course of an experiment, and one data point was recorded for each impalement, that is, for each cell (number of data points given as n; number of hearts given as N).
We averaged data for both ion activity and Vm over various experimental populations. Because three parameters were obtained for each data point (activity, potential, and time), we could also look for correlations between parameters. We considered data obtained during the first hour of superfusion as most representative of the in situ values. To show the effect of superfusion on ion activity, we also averaged all "equilibrated" data points (generally, points obtained during superfusion hours 5 and 6). There was some time dependence to the infarct preparations during superfusion. However, this did not indicate an instability (as might be seen with a deteriorating preparation), since the preparation was moving toward a stable end point that was closer to normal than the initial situation.
We did not measure any elevation of K' in the bath ([K+Ibath) as the K-ISMs were slowly advanced to within a few micrometers of the subendocardial tissue surface (both for control and infarct preparations). No change in measured K' activity occurred until the K-ISM penetrated the Purkinje cell, at which time a sudden negative deflection of the reference barrel output was seen (see Figure 1 ). This indicated that the mean potassium activity at the Purkinje cell surface was 2.96 mM ([K+]bath, 4 mM). However, K' efflux from dying ventricle may still elevate [K'],, deeper in the muscle layer and generate a diffusion gradient just below the 90 mv tissue surface. Because we could not measure such a gradient across a distance of one to two cell diameters, for the purpose of calculating EK we assumed [K'], at all points on the cell surface equaled [K+] bath.
On the other hand, for the pHi measurements in both free-running12 and subendocardial Purkinje preparations,6 there has been reported a surface H' gradient (i.e., surface acidity), caused by the inability of H' to diffuse away from the preparation surface rapidly enough or to be adequately buffered. To avoid possible errors in pHi determination, we had to obtain a reliable pH reference in the bath at a distance from the tissue surface.6 Therefore, we measured pHba,h at a distance from the fiber with a commercial macro pH electrode and referenced our H-ISM output to that value after placing the H-ISM at the same bath location.
Statistical Analysis of Data
The data obtained in these experiments were compared with a set of our previously published control data obtained from subendocardial Purkinje cells in noninfarcted hearts by using the same methodology.5'6 To establish a more complete time course for in situ intracellular ion changes during prolonged ischemia, we also compared these data with our previously published data obtained from subendocardial Purkinje cells from 24-hour-old infarcts.
Unless otherwise noted, data are expressed as mean±SD. The measurements were subjected to analysis of variance (ANOVA).13 Scheffe's test was used to test for differences between means for multiple groups.13'4 For simpler comparisons the appropriate t test was used.14 Simple linear regression was calculated as the least sum of squares, and the degree of the association between the variables was measured by correlation coefficient.13 The significance of the correlation coefficient (r) was determined (Table D 21 of Reference 13). When the slopes and intercepts of two simple linear regressions were compared, a t test was used.13 Differences with p<0.05 were considered significant. In plots where the means of various populations are graphically compared, we used standard error of the mean for the error bars.
Results
Intracellular K' Activity and Membrane Potential After Coronary Occlusion
For subendocardial Purkinje fibers surviving after 1 hour of coronary occlusion, mean aK1 was 86.8+19 mM (mean+SD, n=22 cells, N=4 hearts) and MDP was -80.4±8.5 mV averaged over the first hour of tissue bath superfusion ( Figure 2B ). Therefore, the reduction in EK is sufficient to account for the MDP depolarization without assuming changes in membrane conductance (see "Discussion").
For subendocardial Purkinje fibers surviving after 3 cells, N=5 hearts) and MDP was -71.7±9.0 mV averaged over the first hour of tissue bath superfusion ( Table  1 ). The mean calculated EK was -85.4±5.4 mV. Compared with normal, the mean aKi in 3-hour infarcts was reduced by about 38 mM, but there was an additional decrease in aKi by 24 hours (p<0.05; Figure 2A , filled circles). Compared with normal, mean MDP and EK were depolarized by 13.3 and 11.6 mV, respectively (p<0.05; Table 1 and Figure 2B ). On average, the EK depolarization, calculated from the measured reduction in aKi, accounted for 90% of the depolarization of MDP in these fibers surviving in 3-hour infarcts.
Examining Figure 2B in more detail, one can see that the amount of MDP depolarization obtained for each millivolt of EK depolarization dramatically increases as we go from control (normal) toward older infarcts. The 25 mM reduction in aKi between normal and 1-hour infarcts is associated with an MDP depolarization of 0.6 mV per 1 mV EK depolarization, the 12 mM reduction in aKi between 1 and 3 hours with a 1.9 mV MDP depolarization per 1 mV EK depolarization, and the 12 mM final reduction in aKi between 3 and 24 hours with a 5.1 mV MDP depolarization per 1 mV EK depolarization. Consistent with this finding, the difference (MDP-EK) gets larger for the older infarcts (9.4 to 13.7 to 31.1 mV for 1, 3, and 24 hours, respectively; see Table 1 ), while the normal value for MDP-EK is 12.2 mV.
Effects of Prolonged Superfusion on Intracellular K' Activity and Maximum Diastolic Potential
We previously reported for 24-hour infarcts that changes in aKi and aNai measured during the first hour in the tissue bath were partially reversed during continued superfusion.56 Therefore, in the 1-and 3-hour infarct preparations, after making the measurements during the first hour of superfusion (reported above), we investigated the relation between MDP and ionic activity during continued superfusion for up to 6 hours. Figure 2A Figure 3 ). Also included on the graph for comparison is our previously published data for MDP of 24-hour infarcts (unfilled triangles).5 Impalements are grouped by hour of superfusion, and data are averaged. MDP for 3-and 24-hour infarcts, which is initially statistically different from normal during the first hour of superfusion, repolarizes with time but still remains different from normal after 6 hours. For 1-hour infarcts, individual hourly averages (with the exception of hour 2; see Table 1) , were not significantly different from control. However, regression analysis for 1, 3-, and 24-hour infarcts showed significant time dependence with MPD recovhours of coronary occlusion, aKi was 74.3 -+-14 mM (n = 17 ery proceeding during superfusion at rates of -1.2, -1.0, and -5.5 mV/hr, respectively.
In cells from 1-hour infarcts, the mean aKi and EK values during the fifth and sixth hours of superfusion were not significantly different from control, although they were different for the first, second, and fourth hours of superfusion; taken over the entire 6 hours, aKi and EK showed no significant time dependence (Table  1 ). In cells from 3-hour infarcts, there was no significant time dependence for the mean hourly aK, and EK values during 6 hours of superfusion (p>0.8). These cells remained abnormal even after prolonged superfusion, demonstrating a persistent reduction in aKi (averaging 39 mM) and a persistent depolarization of EK (averaging 12 mV), while the MDP remained 8 mV depolarized (see Table 1 ). Unlike the Purkinje fibers in 1-and 3-hour infarcts, for 24 -hour infarcts alterations in aKi and calculated EK, as measured during the fifth and sixth hours of superfusion, were reversed (p=NS versus control), but MDP still did not return to normal values ( Table 1 ). The final average value of MDP-EK (17.3 mV) was more than twice as large as the average value from 1-or 3-hour infarcts after superfusion (7.0 and 7.4 mV; Table 1 ).
It has been reported that lowering aKi may reduce the conductance of the inward rectifier. 15 We considered the possibility that the progressive increase in the MDP depolarization per millivolt EK depolarization with increasing infarct age (see Figure 2B ) could be solely caused by a progressive reduction in the conductance of the inward rectifier as aKi was lowered. If this was true, cells in different aged infarcts with similar aKi should have a similar MDP. We therefore examined data for all hours of superfusion (Table 1 ) to obtain populations of cells from different age infarcts but with the same aKi. We found that when populations with the same aKi values were compared, the fibers from 24-hour infarcts were more depolarized than those from 1or 3-hour infarcts. This is shown in Figure 4 where we plot mean hourly values (for all six hours of superfusion) of MDP versus calculated EK for normal Purkinje fibers (filled triangle labeled N) and Purkinje fibers in all three infarct ages. Note in Figure 4 that all four hourly average values for 24 (n=12 cells, N=4 hearts) as measured during the first hour of superfusion, a value about 10 mM above normal ( Figure 5A , filled circles; p<0.001). The increase in aNai showed no relation to the reduction in MDP ( Figure 5A ). Compared with normal values, the 10 mM increase in aNai is only 40% as large as the 25 mM decrease in aKi at this time.
After 3 hours of coronary occlusion, aNal averaged 12.0+2.2 mM (n=6 cells, N=4 hearts) during the first hour of superfusion ( Figure 5B, filled circles) and, as with 1-hour infarct data, showed no correlation with MDP depolarization. The mean aNai was 2.6 mM greater than normal (p<0.023). Compared with normal, the mean increase in aNal (2.6 mM) was only 7% as large as the decrease in aKi, which was 38 mM at 3 hours. The values for aNai after 1 and 3 hours of occlusion were not significantly different (p>0.075) from the mean aNal we previously reported (15.6±6.9 mM) for 24-hour infarcts during the first hour of superfusion5 (shown here for comparison in Figure SC , filled circles). However, unlike the 1-and 3-hour infarcts, for the 24-hour infarct, the aNai did correlate with MDP (see Figure 5C and Reference 5).
Effects of Prolonged Superfusion on Intracellular Na+ Activity
In Purkinje cells surviving 1 hour after ligation, aNai was unchanged during prolonged tissue bath superfusion with the mean aNal remaining significantly elevated compared with control (p<0.0001). Figure SA shows plots of all data points relating aNal to MDP during the first hour of superfusion (filled circles) and all subsequent hours (unfilled circles), along with the mean value for normal cells (shown by error bars). During this time, MDP was increasing but there was no significant correlation between aNai and MDP (n=57, p>0.8) or between aNai and duration of superfusion (p>0.45). The average aNai for all cells after the first hour of superfusion was 15.8±5.8 (n=45, N=8; p<0.0001 versus normal).
Three hours after ligation, aNai was elevated compared with control and remained so during 6 hours of superfusion (p<0.0001; Figure 5B ). Data points are scattered mainly to the left (depolarized MDP) and above (elevated aNal) the normal cell mean aNal (shown by error bars). The average aNal for all cells after the first hour of superfusion was 18.4+7.3 (n-41, N=8; p<0.0001 versus normal; Figure SB, unfilled Reference 5) . Furthermore, there was a significant correlation between the increase in aNai and the decrease in MDP ( Figure 5C ). -100 E K (mV)
Intracellular pH After Coronary Occlusion
We measured pHi in surviving subendocardial Purkinje fibers to determine if cell acidosis accompanied K+ loss. With a 24 mM bicarbonate Tyrode's solution (5% C02-95%02; 37°C), the bath pH, measured directly using a Corning combination glass pH electrode, averaged 7.32±+0.03. pH, of the Purkinje fibers surviving after 1 hour of coronary occlusion averaged 6.87±0.10 (n= 15 cells, N=4 hearts) during the first hour of superfusion and was not significantly different (p>0.09) from the mean pH, of Purkinje fibers in normal hearts (6.92±0.12; n=39, N=5; from Reference 6). The pHj in cells surviving after 3 hours and measured during the first hour of superfusion averaged 6.95±0.09 (n=19, N=4), also not significantly different (p>0.5) from normal hearts.
As previously reported, we had not found acidosis in Purkinje fibers at 24 hours either, and in fact, the pH, as measured during the first hour of superfusion (7.08+0.13, n=26 cells, N=4 hearts) was slightly alkaline compared with normal (p<0.0005; Reference 5).
Effects of Prolonged Tissue Bath Superfusion on Intracellular pH
As noted above, the pHi of Purkinje cells from 1-and 3-hour infarct preparations was not significantly acidic compared with control during the first hour of superfusion, and further there was no significant change in pH, during prolonged superfusion. The mean pHi for the second through sixth hours of superfusion was 6.87±0. 19 (n=71, N=6, p>0.09 versus control) for 1-hour infarcts and 7.00±0.16 (n=49, N=8, p<0.015 versus control) for 3-hour infarcts. There was also no correlation between pH, and MDP, aKi, or aNai.
Discussion
We found that in subendocardial Purkinje fibers surviving in transmural infarcts, there is a progression with increasing infarct age of changes in activity of at least two intracellular ions (K' and Na+; pHi does not 
Mechanisms of Cation Loss
The general mechanisms of net cation loss, maintenance of reduced net cation activity, and eventual recovery during superfusion have been discussed in some detail in relation to Purkinje fibers in 24-hour infarcts.5'6 First, changes in activity of intracellular mobile anions and neutral osmotically active molecules could alter the osmotic space available to mobile cations. Second, increased K' conductance could increase passive efflux such that it exceeded Na-K pump capacity, which itself may be reduced (see below). Likely candidates for increased K' conductance are the ATPsuppressed K' channel,16 the Na+-activated K' channel,'7 and the Ca2-activated nonspecific channel.18 Furthermore, the former two would act to hyperpolarize Vm, while the latter would depolarize Vm. The depolarization, per se, could lead to additional efflux caused by an increase in K' driving force. An additional pathway for K' efflux is the Na-K-Cl cotransporter,19 which may be activated during ischemia by increased [Ca2+]".20
The only K' loss mechanism that we directly tested in this study was intracellular acidification. Reduced pH1 has been implicated as a mechanism of aK, reduction in which net cation loss is also seen.9 As discussed previously, a negative result (no pH, change, as reported here) does not rule out the acidification hypothesis.5'6 Because almost half of the aKi reduction seen at 24 hours has occurred by 1 hour after ligation, it is possible that the precipitating acidification occurred still earlier than 1 hour or normalized too rapidly to measure in the tissue bath.
Maximum Diastolic Potential Depolarization and Dependence on Potassium Equilibrium Potential
We found (see "Results") that the difference, MDP-EK, is larger for older infarcts and is reduced by superfusion for all infarct ages. We used the constant field equation of Hodgkin-Goldman-Katz21 for which we assumed that sodium and potassium are the primary ionic charge carriers. We estimated the permeability ratio PK/PNa for the infarct preparations examined and obtained values 189, 83, and 20 for 1-, 3-, and 24-hour infarcts, respectively, during the first hour of superfusion (556, 270, and 67 averaged over the fifth and sixth hours of superfusion). PK/PNa for Purkinje fibers in normal tissue was 130, indicating a greater relative potassium conductance than for 24-hour infarcts and a lesser relative potassium conductance than for 1-and 3-hour infarcts. Recovered 1-and 3-hour infarcts have membranes that are very selective for potassium.
There are various other conductance mechanisms, unrelated to aKi reduction, that could contribute to altered Vm. The hyperpolarizing conductance mechanisms include 1) the K' channel suppressed by ATP,16 since ATP is reduced after the ligation,22 or 2) the K' channel activated by elevated aNaP. '7 As to the plausibility of the second mechanism, the [Na4]i at 1 SD above the mean for the 1-hour infarcts ([Na4]i=35.3 mM or aNa =26.1 mM) equals one half to two thirds the Kd for [Na4]i required to activate the channel conductance, gK(Na), as measured in guinea pig ventricular myocytes (Kd=66 mM, excised patches and saponin-treated cells'7; Kd=51 mM, whole-cell patchclamp with Na-ISMs23). The Vm,, of this current has been reported to be large (25-30 nA per myocyte, see Reference 23). In addition, the actual [Na4]i at the inner sarcolemmal surface may be underestimated since an intracellular gradient could exist24 between the site of Na-ISM measurement and the membrane, especially if the Na-K pump were suppressed. 25 In cultured avian neurons, Na4 influx during individual action potentials may be sufficient to activate this channel, contributing to repolarization.26 Thus, the sodium-activated potassium current could be a major contributor to outward current in the early infarcts. It could initially resist the action potential duration lengthening and membrane depolarization, which eventually occur in Purkinje fibers from older infarcts. 2 An example of a depolarizing conductance change is induction of the Ca24-activated nonspecific channel.18 By using the Mullins equation27 with our own measured values for aNai and Vm, the equilibrium intracellular Ca24 activity for Na-Ca exchange is increased by a multiplicative factor of 4-10 (see "Discussion" in Reference 5). Thus, intracellular Ca24 activity elevation could well be sufficient to activate this channel, whose reversal potential would be positive to all diastolic potentials encountered, thus generating net inward current. A second example of a depolarizing conductance change is the reported reduction in K4 conductance caused by lysophosphocholine released from dying ventricle. 28 Because we have not ruled out the possibility that there is extracellular K4 activity elevation below the first layer of Purkinje cells, it is worth pointing out that such an eventuality would strengthen the conclusion that early infarct fibers depolarize more for a given EK depolarization than do later infarcts. The muscle component of the subendocardial preparation is nearly all dead by 24 hours.5'29 Thus, extracellular K4 activity accumulations are likely to occur only in the early infarcts, in which they would depolarize the actual EK, causing us to underestimate the calculated EK depolarization and thus further reducing the difference between EK and Vm.
Mechanism of Elevation of Intracellular Na+ Activity
Modes of transmembrane Na+ movement that could be altered in Purkinje fibers in ischemic heart include 1) the nonselective Ca2+-activated current'8; 2) the Na4 window current as a result of Vm depolarization30 or Na+ currents where ischemic metabolites (lysophosphatidyl-choline31) have delayed inactivation; 3) the Na-Ca exchanger acting in the Ca(out)-Na(in) mode in response to increased passive Ca24 influx27; and 4) the pacemaker current.32 The latter is known to contribute significant net Na+ influx when activated at normal diastolic potentials in Purkinje fibers. 33 If the hormonal environment leads to increased cAMP levels, the activation range of the pacemaker current would be shifted in a positive direction,34 contributing to a Na+ influx even for depolarized Vm.
The Na-K pump may also be inhibited so that for a given Na+ influx, aNal would rise until the enhanced pump turnover rate matched the influx. 35 Preliminary evidence for Na-K pump inhibition is that the time constant of the tails of aNai decay after a rate-induced Na+ load is on average more than two times larger in fibers from 3-hour infarcts than in normal fibers.36 The finding that the Na-K pump was not suppressed in myocytes acutely dissociated from 24-hour infarcts37 does not contradict the notion of pump suppression because we also found that aNai was not significantly different from normal and pump tails were not altered in recovered Purkinje fibers from 24-hour infarcts after prolonged superfusion5,36; the acutely dissociated myocytes are in some respects "recovered" due to the lengthy dissaggregation procedure and/or survival of the healthiest (i.e., least damaged) myocytes. Thus, it remains to be seen whether Na-K pump function is suppressed in "unrecovered" fibers just recently removed from the ischemic environment.
Temporal Variation as a Function of Infarct Age
We summarize changes in aKi, aNai, and their sum for the three infarct ages in Figure 6 . The aKi change shows a simple progression, whereby aKi is continually reduced, eventually to 55% of normal values. However, the initial rate of K' loss is more rapid, since aKi has fallen to 77% of normal by the first hour after ligation, that is, half of the loss occurring at 24 hours. On the other hand, aNai shows comparable elevation for all three infarct ages. Thus, there is a continual loss of total monovalent cation activity with time after ligation (Figure 6; see also References 5, 38, and 39) . Consistent with this is a finding of persistent reduced total cation activity as a result of persistent low aKi in cultured chick ventricular cells recovering from prolonged exposure to metabolic inhibition. 38 Membrane potential depolarization as a function of calculated EK depolarization increases with infarct age (Figure 4 ). This may be due to time-dependent changes in membrane conductance or sensitivity to aKi. For example, the exact time after ligation at which lysophosphatidylcholines are released and reach the subendocardial Purkinje fibers is not known but could be after the third hour of ligation, thus selecting the subendocardial Purkinje fibers from older infarcts for greater depolarization. Ventricular release of all substances into the extracellular space would have pronounced time dependence, since progressively more superficial layers of ventricle are dying over the entire first 24 hours.229 Ventricular depolarization and coupling to Purkinje fibers would also change with time. On the other hand, the accumulation of lysophosphoglycer-ides40 within the subendocardial Purkinje fibers is known to occur starting about 3 hours after ligation and to continue for at least 24 hours. 29 For the early infarcts the difficulty in reversing aNa;
and aKi changes with superfusion in the tissue bath may also have to do with the persistent dying of underlying ventricular cells and release of biochemical substances. For the 24-hour infarcts, the ventricular muscle is nearly inert both biochemically and electrophysiologically. For Infarct Infarct FIGURE 6. Intracellular cation activity (sum for K' and Na +) is shown for normal, 1-hour infarct, 3-hour infarct, and 24-hour infarcts. The change for K' is much greater than for Na+, indicating that loss of cation activity is due to K' loss, which is not made up by Na+ gain.
the more acute case, live and damaged ventricle may still release substances into the extracellular space during superfusion. Metabolic activity,22,40 channel density, and receptor number and function41-43 are all affected by 24 hours of ischemia. Although many of these studies were done in ventricular tissue, there is evidence of effects on the subendocardial Purkinje fibers specifically. 22 Thus, a combination of interacting biochemical, ionic, and electrical alterations progresses during at least the first 24 hours after ligation and results in a continuing depolarization of Vm, abnormal automaticity, and arrhythmias. Furthermore, these events are well under way within the first 3 hours, even in the cells that survive the infarct.
